Trypanosoma brucei imports all mitochondrial transfer RNAs (tRNAs) from the cytosol. By using cell lines that allow independent tetracycline-inducible RNA interference and isopropyl-b-D-thiogalactopyranoside-inducible expression of a tagged tRNA, we show that ablation of Tim17 and mitochondrial heat-shock protein 70, components of the inner-membrane protein translocation machinery, strongly inhibits import of newly synthesized tRNAs. These findings, together with previous results in yeast and plants, suggest that the requirement for mitochondrial protein-import factors might be a conserved feature of mitochondrial tRNA import in all systems.
INTRODUCTION
Mitochondrial genomes of most species lack a variable number of apparently essential mitochondrial transfer RNA (tRNA) genes, which is compensated for by the import of the corresponding cytosolic tRNAs (Salinas et al, 2008) . In Saccharomyces cerevisiae, the cytosolic tRNA Lys is first targeted to mitochondria by the glycolytic enzyme enolase. Subsequently, the tRNA interacts with the precursor of mitochondrial tRNA Lys synthetase, with which it is co-imported across the protein import pathway (Tarassov et al, 2007) . Studies in plants indicate that outer-membrane translocation of tRNAs requires the voltage-dependent anion channel (VDAC), as well as the Tom40 and Tom20 components of the TOM complex, the protein translocase of the outer membrane (Salinas et al, 2006) . However, unlike in yeast, tRNAs are not coimported with proteins. One of the most extreme examples of mitochondrial tRNA import are the trypanosomatids-such as Trypanosoma brucei and Leishmania spp.-the mitochondria of which have lost all tRNA genes and which consequently need to import the entire set of mitochondrial tRNAs. In a controversial study in L. tropica, an inner-membrane protein complex termed RIC-one component of which is the a-subunit of the F1-ATP synthase complex (F1a)-has been implicated in tRNA import (Goswami et al, 2006; Schekman, 2010) . In T. brucei, it was shown that binding to cytosolic translation elongation factor 1a (eEF1a) is essential for in vivo import of tRNAs . Conversely, trypanosomal VDAC is dispensable for normal growth and therefore not required for tRNA import (Pusnik et al, 2009 ). Thus, all presently known tRNA import factors are well-known house-keeping proteins performing a second function.
Here, we report a new in vivo system for T. brucei, allowing tetracycline (Tet)-inducible RNA interference (RNAi) in combination with isopropyl-b-D-thiogalactopyranoside (IPTG)-inducible expression of a tagged imported tRNA. This system allows monitoring of the fate of a newly synthesized tRNA in cell lines undergoing RNAi, and provides a sensitive assay to test whether a protein is required for tRNA import in vivo. By using this system, we provide evidence that components of the protein translocase of the inner membrane are required for mitochondrial tRNA import in vivo.
RESULTS
A double-inducible in vivo system to study tRNA import tRNAs have a long half-life. Thus, to devise a system that allows the quantification of tRNA import in cell lines undergoing RNAi, we had to overcome the problem that the ablation of a putative tRNA import factor will primarily affect newly synthesized tRNAs, but not the larger tRNA population that was imported before the induction of RNAi . The problem was solved by the establishment of a cell line in which RNAi is under the control of the Tet repressor, whereas expression of the tagged tRNA is regulated by the lac repressor (supplementary Fig S1A  online) . This system can be used to follow the fate of a newly synthesized tRNA in any RNAi cell line. Mitochondrial translation and therefore mitochondrial tRNA import are essential for T. brucei, as a consequence ablation of candidate tRNA import factors is expected to impair growth. To detect import inhibition that is caused by the lack of the ablated protein, the import of the newly synthesized tRNA needs to be analysed at the time of-or shortly after-the appearance of the growth phenotype, which can vary between cell lines. In our system, induction of RNAi and expression of the tagged tRNA are controlled independently, so it is possible to compare tRNA import between RNAi cell lines with different kinetics in the appearance of the growth phenotype. Thus, in all of our RNAi cell lines, IPTG was added 16 h before the cells were analysed by cell fractionation.
Ablation of eEF1a affects tRNA import
Nbp35 is a protein of the cytosolic FeS-cluster biogenesis pathway that is also required for thiolation of tRNAs (the tagged tRNA Met that is used as an import substrate in the in vivo system is not subject to thiolation). Although TbNbp35 is essential, it is not required for mitochondrial tRNA import and can therefore serve as a negative control (Bruske et al, 2009; Paris et al, 2009) . Digitonin extraction was used to isolate mitochondrial RNA from untreated, IPTG-only-, or IPTG-and Tet-treated cultures. The ethidiumbromide stain (Fig 1A, right top panel) shows the quality of the cell fractionation and serves as a loading control. The northern blot analysis in Fig 1A (right bottom panel) indicates that the tagged tRNA is only expressed in the presence of IPTG. Finally, comparing the ratio of tagged tRNA in cytosolic and mitochondrial fractions of Tet-uninduced and Tet-induced TbNbp35 RNAi cell lines shows, as expected, that import of the newly synthesized tRNA is not affected.
The only factor known to be required for mitochondrial tRNA import in T. brucei is cytosolic TbeEF1a . This protein therefore served as a positive control. Fig 1B  shows that import of the newly synthesized tRNA is reduced on induction of RNAi, confirming its role in mitochondrial tRNA import.
F1a and F1b ablation does not affect tRNA import
In the first series of experiments, we used our double-inducible system to test whether, as has been claimed in L. tropica, F1a is involved in mitochondrial tRNA import in T. brucei. Fig 2A shows that in T. brucei, import of the newly synthesized tRNA in a Tetinduced TbF1a-RNAi cell line is reduced by 25%. Moreover, a similar reduction (19%) occurred when TbF1b was ablated. This result was expected because-as shown previously (LefebvreLegendre et al, 2001 ) and confirmed in the immunoblot analysis in Fig 2A- ablation of F1a destabilizes F1b.
Mitochondrial ATP synthase functions in oxidative phosphorylation. In T. brucei, different modes of mitochondrial ATP production can be measured in an in organello assay (BochudAllemann & Schneider, 2002) . The results in Fig 2C show that ablation of both TbF1a and TbF1b causes a reduction in oxidative phosphorylation at the time point when import of the newly synthesized tRNA was analysed. Mitochondrial substrate-level phosphorylation was not affected. Thus, the slight reduction of import (21-25%) of the newly synthesized tRNA that is observed in the two cell lines is probably a secondary effect due to lower mitochondrial ATP levels.
T. brucei and L. tropica are closely related. Thus, we expected that their tRNA-import machineries would be similar. Antisensemediated ablation of L. tropica F1a was reported to lead to complete depletion of mitochondrial tRNAs within 24 h, whereas if F1b was ablated, their level was not affected (Goswami et al, 2006) . This is in contrast to the results obtained in T. brucei in which neither ablation of TbF1a nor TbF1b impairs tRNA import. Moreover, dissimilarly to the study in L. tropica, which analysed the steady-state levels of tRNAs, we selectively monitored newly synthesized tRNA, which is the more-sensitive method by which to measure import.
Ablation of Tim17 and mHsp70 inhibits tRNA import
Few components of the mitochondrial protein translocases have been identified in T. brucei (Schneider et al, 2008) . They include TbSam50, the core subunit of the SAM complex (Sharma et al, 2010) -which functions to insert b-barrel proteins into the outer membrane-and a single member of the Tim17/22/23 protein family, termed TbTim17 (Gentle et al, 2007; Singha et al, 2008) . Finally, the matrix of T. brucei mitochondria contains a highly conserved mitochondrial heat-shock protein 70 (mHsp70; TbmHsp70).
Ablation of Sam50 does not affect the import of the newly synthesized tRNA, even after long Tet induction ( Fig 3A) . Ablation of TbTim17 and TbmHsp70, however, not only inhibits import of matrix proteins (bottom panels of Fig 3B,C) , but also impairs import of the newly synthesized tagged tRNA (right panels Fig 3B,C) . As in all experiments, the loading differences between the mitochondrial fractions of the IPTG-only-treated and the IPTGand Tet-treated samples were corrected before the quantification (see Methods section).
It is important to show that besides tRNA import, mitochondria of induced TbTim17 and TbmHsp70 RNAi are still functional at the time of the analysis. Immunoblot analyses in supplementary Fig S2 online show that the steady-state levels of a panel of imported mitochondrial membrane and matrix proteins are not affected in induced TbTim17 and TbmHsp70 RNAi cell lines. Quantitative analysis of Mitotracker-stained cells indicates that at these early time points the same is true for the membrane potential, as well as for mitochondrial ATP production by substrate-level phosphorylation and oxidative phosphorylation (Fig 4) . In summary, these results show that in the TbTim17 and TbmHsp70 RNAi cell lines the steady-state levels of imported proteins are not reduced at the time of the analysis. These experiments, together with the early appearance of the tRNA import phenotype, suggest that TbTim17 and TbmHsp70 are directly involved in tRNA import, although the possibility that inhibition of tRNA import could be caused by the lack of import of a short-lived component of an unknown tRNA import factor cannot be excluded.
The involvement of TbTim17 and TbmHsp70 in mitochondrial tRNA import is in contrast to L. tropica, in which RIC-which contains F1a and subunits of the mitochondrial respiratory complexes but lacks Tim17 and mHsp70-was thought to be necessary and sufficient for inner-membrane translocation of tRNAs (Mukherjee et al, 2007) . The absence of RIC in T. brucei is also supported by the fact that tRNAs are imported into mitochondria of bloodstream forms of the parasite, which lack respiratory complexes (Cristodero et al, 2010) .
DISCUSSION
Our results show that in T. brucei, as shown previously in S. cerevisiae and in plants, there is a connection between tRNA import and mitochondrial protein import. In yeast, the tRNA Lys is co-imported in complex with a mitochondrial precursor protein Mitochondrial tRNA import in T. brucei F. Tschopp et al (Tarassov et al, 2007) . In plants, in vitro import of tRNAs is independent of the addition of cytosolic factors, indicating that the co-import model is not applicable (Delage et al, 2003) . However, antibody inhibition assays have shown that as well as VDAC, which probably acts as the tRNA import pore, two components of the plant TOM complex-Tom20 and Tom40-are required for Met are indicated at the bottom. The ratio between the signals in the total and the mitochondrial RNA fractions in the culture growing in the absence of Tet was set to 100%. Loading differences between the À and þ Tet fractions were corrected for by quantification of the tRNA region on the EtBr stain. Experiments were done in triplicate, the standard error is indicated. (B) As in (A), but analysis was done with an eEF1a RNAi cell line. Cyto, cytosolic; eEF1a, elongation factor 1a; EtBr; ethidium bromide; HA, haemagglutinin; IPTG, isopropyl-b-D-thiogalactopyranoside; mHsp70, mitochondrial heat-shock protein 70; RNAi, RNA interference; rRNA, ribosomal RNA; Tet, tetracycline; tRNA, transfer RNA; VDAC, voltage-dependent anion channel.
Mitochondrial tRNA import in T. brucei F. Tschopp et al the process (Salinas et al, 2006) . In vivo import of tRNAs into T. brucei mitochondria requires TbTim17 and TbmHsp70. As tRNA import into isolated mitochondria works without cytosolic factors, the trypanosomal system seems to be more similar to plants than to S. cerevisiae. However, in vitro import into mitochondria of T. brucei has not been analysed extensively, and it is unclear to what extent it reflects the in vivo situation. Mitochondrial tRNA import in T. brucei F. Tschopp et al includes components of the mitochondrial-protein import system. Should further experimental work reinforce these findings, the notion that mitochondrial tRNA import has a polyphyletic evolutionary origin might need to be reconsidered. Quantification of tRNA import in double-inducible RNAi cell lines. Normalization of loading differences was essential when comparing total and mitochondrial RNA fractions between differentially treated double-inducible RNAi cell lines. The steady-state levels of total and mitochondrial tRNAs were chosen as standards, as they are not expected to change during the early time points after Tet induction, when the import phenotypes were measured. The steady-state levels of total and mitochondrial tRNAs were quantified by densitometric scanning of the ethidium bromide-stained gel, whereby the untreated samples (ÀTet and ÀIPTG) were set to 100%.
Moreover, it was evident that in some cell lines a small fraction of the tagged tRNA was expressed even in the absence of IPTG. This can confound the analysis as it does not represent newly synthesized tRNA. To account for this, the levels of the constitutively expressed tagged tRNA in the uninduced sample (ÀIPTG and ÀTet) were quantified using a Phosphorimager. After normalizations of the loading differences as described above, the obtained signal was subtracted from the signals for the corresponding fractions of the treated samples ( þ IPTG and ÀTet; þ IPTG and þ Tet).
Finally, in some induced RNAi cell lines ( þ Tet and þ IPTG), less tagged tRNA was transcribed compared with the controls (ÀTet and þ IPTG). Thus, after correction for loading differences, we determined the ratio of the newly synthesized tRNA between the cytosolic and mitochondrial fractions, which remains constant, independent of how much of the tRNA is expressed (supplementary Fig S1B,C online) . The obtained ratio in the uninduced RNAi cell line (ÀTet and þ IPTG) was then set to 100% and compared with that in the induced RNAi cell line ( þ Tet and þ IPTG). Inserts for RNAi stem-loop constructs. RNAi cell lines targeting Nbp35, eEF1a and Tim17 have been described previously Gentle et al, 2007; Bruske et al, 2009) . For the remaining RNAi cell lines, we used the following inserts: a 495 (3-498) bp fragment of the F1a gene (Tb927.7.7420); a 496 (451-947) bp fragment of the F1b gene (Tb927.3.1380); a 452 (1,523-1,975) bp fragment of the mHsp70 gene (Tb927.6.3800); and a 473 (247-720) bp fragment of the Sam50 gene (Tb927.3.4380).
Miscellaneous. ATP production assays , digitonin fractionation, RNA isolation, northern blot analysis and in vitro protein-import assays (Hauser et al, 1996) were done as described. In vitro translated precursor of yeast alcohol dehydrogenase III was used as an import substrate. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
